Manipulatory abilities and activities of primate hands are crucially important for humanity's understanding of our own species, and they have been very well studied in diverse aspects. However, there remains a surprising ignorance as to the variety of flexion creases on primate palms and their functional and evolutionary significance. Here we present the first extensive attempt to fill this gap. Major attention is paid to New World monkeys known for the diversity of their grasping adaptations, which exceeds that of prosimians, Old World monkeys and apes together. The presented analysis is based on the assumption that the palmar flexion creases border groups of fingers which are used togetherwhich we suggest naming "finger linkage groups". We show that this assumption is in agreement with what is known about hand usage in locomotion and manipulation by different primates. Here we show that the Life Line bordering the thumb is present in all primates manifesting the basic ability of thumb opposition, which can be enhanced (like in humans or capuchins) or reduced (like in marmosets or spider monkeys). Longitudinal creases (Fate Line) seem to have appeared early in evolution, as they are present in lemurs, marmosets, and some Old World monkeys; typically, two longitudinal creases are present (humans show one as a variation). The longitudinal creases were replaced in simian evolution by transversal ones, of which the most common is the Simian Line bordering fingers II-V and facilitating a power grip by these four fingers against the palm. This four-finger crease is the only type of transversal creases known in Old World monkeys and apes (the last have two such creases). In marmosets the transversal crease borders all five fingers, while in schizodactylous New World Monkeys it borders only the three last fingers. Apart from them, such a three-finger crease, known as the Heart Line, is found in humans only. However, its origin is different. In human evolution, it was most likely produced by a breakage of the ancestral Simian Line into two, the second half being represented by the unique human Head Line. This breakage dislinked the index finger from the power grip, allowing for pointing gestures and individual usage of this finger.
Introduction
In primates, just as in humans, the hairless surface of the palm is covered by flexion creases and papillary (tactile) patterns. Anthropologists, surgeons, criminalists and other specialists who use dermatoglyphics in their work are usually concerned only by the papillary patterns on palms and fingertips. Flexion creases, for the most part, are only the focus of chiromancy. So far the only point of interest for surgeons is the association of creases with skeletal elements. For example, flexion creases can mark the joints and places where the underlying palm fascia is connected to the skin. Those are quite crucial in case of surgery (Chauhan et al., 2011) . Main creases can also correspond to muscles, for example the Life Line indicates the edge of m. adductor pollicis (Tegako, 2008) . In dermatoglyphics, flexion creases are used as reference points in the description of papillary patterns and to pinpoint important elements, such as triradii (a connection point of three papillary line groups) (Zvyagintseva, 1940; Midlo and Cummins, 1942; Danilova, 1979) .
Prehension abilities of the hand are based on its internal morphology, in particular the finger muscles, the structure of which can cause mechanical linkage of certain fingers (Novikova and Panyutina, 2017) . On the other hand, external palm morphology -in particular, overall proportions, palm pads, papillary patterns, nails/claws and most of all flexion creases -can serve as a mirror for these mechanical properties. Palmar flexion creases are usually located between the palm pads, bordering or separating them. Palm pads can be flat or bulging, depending on the substrate relief habitual to an animal. Formation of creases may be considered a subsequent, more advanced stage of the evolution of prehension, which is indirectly suggested by their late embryonic development relative to the pads (Swindler et al., 1968; Bali, 1994; Kimura et al., 2002) . As the pads precede the creases both in evolution and in embryogenesis, topography of the former may be reasonably regarded as the basis for topography of the latter (Popich and Smith, 1970; Jeanty et al., 2011) . We will concentrate on the flexion creases.
It is convenient to start with human flexion creases, because (1) flexion creases were originally described for humans, (2) the human palm has the most complete set of creases, and (3) they are available for everyone to observe. Brief descriptions and pictograms of the human flexion creases that are most important for further consideration of the primate palm and grip are presented in Table 1 and Figure 1 . An x-ray from Chauhan (2011) is used as a background to highlight associations between the skeleton and the flexion creases. Normally, there are three primary and several secondary palmar flexion creases in humans. The former are always present (except for rare abnormalities considered below in detail), while the number and pattern of the secondary creases is variable; as such, they are also called irregular, while the primary creases are referred to as regular. The primary palmar flexion creases are the first to form in embryogenesis (Bali, 1994) and stay the same throughout life. Therefore, they can be observed on both adult and juvenile specimens. Primary flexion creases can be recognized on the palm by their prominence (length, width, depth). Due to size differences, the primary (regular) and secondary (irregular) creases can be well distinguished without knowing their morphogenesis or variation, and are often called simply major and minor creases (Park et al., 2010) .
Embryonic development of the palm relief starts with the appearance of palm pads, which can be found in a human fetus as mesenchymal swellings beginning in the seventh week of gestation (Gyenis and Hera, 1971) . The primary flexion creases are formed later and can be found starting from the second or third month of gestation (Wurth, 1937) . Due to different evaluation methods, there is no consensus among different researches on the exact timing of crease formation (Popich and Smith, 1970; Bali, 1994; Lacroix et al., 1984; Kimura and Kitagawa, 1986; Stevens et al., 1988) . However, the order of their formation is accepted unequivocally -the Life Line is formed first (week 8), followed by the Heart Line (week 11) and Head Line (week 13) (Kimura, 1991) . Note that human fetuses begin spontaneous hand movements no earlier than the 12th week of gestation (Humphrey, 1964) . Hence, the primary flexion creases are acquired not as a consequence of the flexion movements of the palm but are preformed relative to their function (Wurth, 1937; Kimura et al., 2002) .
The attractive idea of functional determination of creases by movements (Popich and Smith, 1970; Jeanty et al., 2011) is still applicable to the secondary creases that develop later. The Fate Line only appears during the fifth month of fetal development (Asano, 1985; Bali, 1994) , and all other secondary creases are formed starting from the seventh month or after birth, due to flexion movements when skin loses its elasticity; and these secondary creases can change with age (Tegako, 2008) . They are highly variable in position and number, some of them occurring more frequently than others (Martin, 1928) . Viliamovskaya (1955) described eleven irregular creases in humans, with bilateral, gender, and geographic variations.
It is necessary to give special consideration to the formation of the Simian Line, a well-known human abnormality. If it forms, this happens late in embryogenesis. The earliest it has been found was at 15 weeks of gestation (Sherer and Abramowicz, 1991) . It was first described by Langdon-Down and was later named "Mongolian" or "Orangoid" by Crookshank (Bali, 1994) . Further research showed that formation of the Simian Line in humans usually correlates with several chromosomal anomalies such as trisomy of chromosome 21 (Down's Syndrome) or some pathological changes in chromosomes 13, 18, or 21 (Aziz and Dunlap, 1986) . The presence of the Simian Line is not the sole and mandatory expression of those chromosomal anomalies, so a complex of more than 30 dermatoglyphic features is used in their diagnostics (Tegako, 2008) . Although more rarely than in cases of chromosomal anomalies, the Simian Line can also occur in healthy individuals. In the aforementioned COMPARATIVE ANATOMY 
Primary creases
Life Line is always present. It begins at the preaxial side of the palm between digits I and II, curves around thenar and first interdigital pad (fused with thenar), and ends at the proximal border of the palm closer to its preaxial side. It is involved in thumb opposition.
Heart Line is present in the norm as the distal transversal crease. It begins at the postaxial side of the palm rather distally, borders proximally two interdigital pads between fingers IV-V and III-IV, and curves distally to terminate in the interdigital notch II-III or on the respective interdigital pad. It passes just proximal to metacarpophalangeal joints III-V and facilitates their combined flexion.
Head Line is present in the norm as the proximal transversal crease. It begins at the preaxial side of the palm between digits I and II, together with Life Line or just distal to it, runs postaxially and somewhat proximally, and ends in the middle of the palm closer to its postaxial side but still far from it. The beginning of this line is found just proximal to metacarpophalangeal joint II, and its middle portion parallels Heart Line, so that the two lines together facilitate combined flexion of fingers II-V.
Simian Line is a rare feature regarded as abnormality. It traverses the whole palm from preaxial side, beginning between digits I and II together with Life Line or just distal to it, to the very postaxial side. Thus, it replaces Head Line and Heart Line together and facilitates combined flexion of fingers II-V.
Secondary creases
Fate Line can be present or absent in the norm. It descends along the midline of the palm from its base, where it can be fused with Life Line. It aids trough-like folding of the palm.
Travel Line is usually absent in the adult, being formed and then lost in fetal development. It traverses hypothenar transversely. 
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case, when it was detected in an embryo at 15 weeks gestation, a normal karyotype was observed (Sherer and Abramowicz, 1991) . Jeanty et al. (2011) found a Simian Line in 45 % of people suffering trisomy of chromosome 21 and in 5 % of the healthy population, in which 4 % of individuals bore it unilaterally, and 1 % -bilaterally. It was found more frequently on right than on left hands, and in men than in women (Bali, 1994) . The Simian Line is less frequent (4 %) in Caucasians than in Asians (13 %) (Sharma and Sharma, 2011) . It is even more frequent in archaic peoples such as Melanesians (15 %) and African Pygmies (17 %) (Kimura, 1968) . The Simian Line looks like a product of fusion of normal Heart and Head Lines. The fact that these three lines never occur together supports this view. However, sometimes abnormal combinations of two lines, passing transversely, are foundthe so-called "Sydney" and "Suwon" patterns ( Fig. 2) . In the Sydney pattern, the Simian Line occurs together with a crease which looks like a Heart Line, in the Suwon pattern -with a crease which looks like a Head Line.
In both cases those accessory lines would be false if the Simian Line was in fact a fusion of true ones (see Discussion). Also, cases have been described in which different variations were combined in one person: (1) Simian Line on one hand, Suwon pattern on the other, (2) Suwon pattern on one hand, Sydney on the other (Sharma and Sharma, 2011) .
The relation of the human Simian Line to palmar flexion creases of simians is still unknown due to the poor knowledge and understanding of the external morphology of primate palms. In this work we attempt to partially fill the gap -first, to describe flexion creases of the primate palm and, second, to figure out their associations with specializations in grasping objects or gripping support. The first task was completed using our original data on palmistric diversity in New World monkeys, known for their diversity of grasping postures, and in some other primates for comparison. For our analysis we have concentrated on the primary flexion creases and the most pronounced secondary creases, which in our opinion can shed light on the evolution of prehension mechanisms. Mainly, we consider genus-level diversity and only infer general tendencies, because data currently available to us regarding individual variability of flexion creases in different primate species are insufficient for a more detailed analysis. The second task covers two levels of functional associations, both of which were studied mainly by analysis of available literature; they are 1) the associations of palmar flexion creases and finger cooperations and 2) the associations of the latter with grasping postures commonly used by the animals under study during locomotion or manipulation.
The idea that flexion creases develop on the palm to facilitate its flexion motions is rather obvious and
Atelidae

Alouatta seniculus
Alcohol (Popich and Smith, 1970; Jeanty et al., 2011) . However, the normal primary creases develop before onset of spontaneous flexions in human fetuses. Hence, their association with function, if present, is indirect but mediated by natural selection. One can hypothesize that only those creases which border the bases of finger groups habitually flexed together -and thus facilitate appropriate skin folding on the palm -should be most likely supported in the evolutionary scale. In other words, finger linkage should be most associated with grasping postures typical to an animal. We will call cooperating fingers "linkage groups".
Materials and methods
Neither of the aforementioned research procedures requires ethical permission. Palmar flexion creases were studied by superficial observation of palms or their photos of 46 individuals of New World monkeys, alive, thawed or preserved in alcohol; in addition, primates from other taxa (31 lifetime photos or specimens) and a tree shrew (Tupaia, one specimen) were examined as representatives of out-groups ( Table 2 ). Note that some specimens were newborn or juvenile and could therefore lack some secondary flexion creases or exhibit them in an underdeveloped state, but necessarily exhibit the primary creases, which, by definition, are formed long before birth. Some flexion creases which are absent or secondary (irregular) in humans seem to be primary (regular) in monkeys. Since we have only human embryonic data and do not know in which order flexion creases form in prosimians, monkeys and apes, we consider only lines that are morphologically well pronounced as primary ones. A similar morphological definition of primary (major) vs. secondary (minor) creases has been recently applied to humans (Park et al., 2010) .
PALMAR FLEXION CREASES NOMENCLATURE
Primary flexion creases were classified several times by specialists in different fields; hence, they have synonyms reflecting their topography, functional association with finger flexion or "palmistric idea" (Table 3) . Since the latter names are more memorable, we use them here for greater convenience.
To designate two extremities of a flexion crease as the beginning and the end, it is convenient to divert from common morphological landmarks such as preaxial and postaxial edges or the center of the palm, and use the following logic: the crease extremity which is always clearly visible is its beginning, while the opposite one, which can be forked or unclear, is its end.
PREHENSION TYPOLOGY
The typology of primate grasping postures is well developed. Below is the hierarchical list of key distinctions in this field based mainly on Napier (1956) , Bishop (1962), and Fragaszy (2016) , with some minor modifications convenient for our purposes and brief explanations.
1. Prehensive pattern -a preparatory posture acquired by hands before gripping and dependent on an animal's ability of neuro-muscular control over hand elements. Gestures may be also regarded as prehensive patterns. 1.1. With only general control of hand posture (initially called "whole-arm control" by Bishop, 1962 
Results
The data we have collected allow us to identify flexion creases on the palms of non-human primates that in some way or another correspond to those of humans. However, the set of creases which is considered a "nor- 
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In Galago, like in tupaias, the flexion creases are not properly developed, because the palm surface is not flattened; the pads on the palm are separated by fissures representing predecessors of the true flexion creases.
2 The transversal crease in marmosets and lemur is underdeveloped as compared to the typical Simian Line -it looks more like a wavy proximal border of the interdigital pads.
3 Vestigial Heart Line on some palm images of apes appears to be rather its "false" analogue (see text). Thumb is shifted distally and so aligned with other fingers; it can be only somewhat abducted but not opposed to them.
Running over branches and climbing vertical tree trunks.
I-V
Syndactyly
Leontopithecus 2 and some tamarins
Palm is elongated like the sole, the basal phalanges of three middle fingers (II-IV) are joined by a single sheath of skin.
I, II-IV (joined), V
Hook grip
Ateles 3 , Lagothrix, Brachyteles,
Hylobates, Pongo
The thumb is shortened, shifted proximally or absent.
Brachiation. I (if present), II-V
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mal set" for humans never occurs in non-human primates. Sets of palmar flexion creases differ among nonhuman primates (Table 4) . As a common feature, we can point out that in all primates, the Life Line is present and the Head Line is not. The most complete sets of flexion creases were observed in chimpanzees and gorillas. Typical prehensive postures of some of the New World monkeys, which we studied morphologically, are summarized in Table 5 . As an example of Old World monkeys, we have included Chlorocebus sabaeus. It has а "universal" type of locomotion -it can utilize different motion techniques, both in trees and on the ground, and is not narrowly specialized in any of them. Now let us consider the palmar flexion creases line by line.
LIFE LINE
This line delimiting the thumb base is first to form in human embryogenesis and is always present in all the primates. The fact that it is present even in Ateles, which lacks the thumb itself (Table 6) (Viliamovskaya, 1955) , implies its genetic, not functional, determination. Thus, this line belongs to the group of primary flexion creases in the strictest sense of this term, not only in humans.
The Life Line indicates the opposition of the thumb against other fingers. Thus, it corresponds to the presence of "linkage group I" against fingers II-V. The wider the arc of the Life Line is, the greater degree of thumb opposition we can expect. For instance, in gorillas this The thumb is partially opposed to the other fingers, but the trapezo-metacarpal joint is not saddle-shaped and its mobility is rather restricted.
Climbing, walking and running over thin branches.
I, II-V
True opposition of the thumb Catarrhini, e.g.
Chlorocebus 6
The thumb is opposed to the other fingers in the saddle-shaped trapezo-metacarpal joint.
I, II-V
Pointing gesture
Pan 7 , Homo
The index finger can be extended, while others are kept flexed in a fist.
Usage of the straight index finger alone for food extraction from narrow holes, pressing buttons, etc.
I, II, III-V
line departs from the thumb less than in humans, and the thumb is much shorter. The shortness makes it difficult to reach pad-to-pad opposition with the index finger when grasping small objects, so the pad-to-side grip is used instead -the pad of the thumb is pressed against preaxial side of bent index finger (Fig. 3) . This involves more adduction of the thumb and less opposition than in the pad-to-pad grip.
Ateles and gibbons mainly use brachiation to move around. In gibbons the Life Line is short, but it appears to be sufficient for thumb opposition, as the thumb is "proximally seated". The proximal relocation is due to a shorter metacarpal I and a deeper interdigital notch I-II (it cuts the palm almost to the base of metacarpus) than in other primates. Ateles also has a narrow elongated hand adapted for brachiation. However, unlike in gibbons, its thumb did not undergo proximal relocation, but became so reduced that it does not even protrude from the palm. Ateles' Life Line reaches the preaxial edge of the palm only slightly proximally to the transverse Simian Line. Such a distal starting point of the Life Line may indicate an ancestral position of the thumb in spider monkeys before its reduction -as distal, as in all New World monkeys.
Members of families Cebidae and Atelidae have a Life Line that ends not at the base of the palm, like in other primates including humans, but slightly more distally. This is surprising when taking into account the fact that in capuchins thumb opposition is achieved not in the trapezo-metacarpal joint, employed by Old World monkeys, apes and humans, but in a more proximal articulation. The trapezo-metacarpal joint of capuchins has no pronounced saddle for bidirectional mobility (Aversi-Ferreira et al., 2014) , and opposition of the thumb is performed proximal to the trapezoid, in the scapho-trapezoid joint (Danilova, 1979) . That is why the capuchin's thumb is conventionally called "pseudo-opposable", to set it apart from the "true opposition" in the saddle-shaped trapezo-metacarpal joint of Catarrhini (Napier, 1961; Danilova, 1979) .
In marmosets the thumb is considerably shifted distally -it is almost level with the other fingers and can be called "distally seated". The thumb pad undergoes the same shift -in marmosets it doesn't merge with the thenar. At the same time, the Life Line becomes almost longitudinal in its orientation, i.e. functionally it becomes another longitudinal flexion crease on par with the Fate Line. Marmosets almost do not oppose the thumb, but they can abduct it with a greater angular amplitude than other fingers. Altogether these features can be regarded as a sign of secondary simplification of the grasping function, because even Strepsirrhini have developed some opposition of the thumb (Napier, 1961) .
HEART LINE This line is second to form in human embryogenesis. Apart from humans, it is definitely found only in schizodactylous New World monkeys -Alouatta, Cacajao, Pithecia, Lagothrix. These monkeys typically walk quadrupedally along thick slanted or horizontal branches. In the schizodactylous prehensive pattern, fingers II and III 
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are abducted from each other to form a wide gap, which allows the monkeys to grip the branch from both sides, positioning the palm almost along it (not across, as occurs with thumb opposition) and putting full weight on the base of the palm (Table 5 ).
The Heart Line in schizodactylous New World monkeys is more slanted than in humans -it runs diagonally, not transversally -and its end is located exactly at the notch between fingers II and III. In humans the Heart Line is found at the level of the metacarpophalangeal joints, usually looks like an arc turning from transverse orientation at the postaxial edge of the palm to slanting at the base of finger III, and ends either at the notch (which is not as deep as in the previous case) between fingers II and III, or on the respective interdigital pad (Viliamovskaya, 1955; Chauhan, 2011) . Comparison with humans allows us to appreciate the significance of the slanted Heart Line in New World monkeys: being more longitudinal, it divides the palm into two subequal parts and facilitates their folding towards each other in the schizodactylous grip.
On gorilla palms (Table 7) , there is a line that could be taken for a Heart Line if it didn't have a different topography. Heart Lines in humans and New World monkeys always pass proximally to the last two interdigital pads, but in gorillas it is found more distally. However, this line is not a product of fusion of Basal Rings either, because they are all in place. The line in question may be not the true Heart Line shifted distally, but rather its analogue, a secondary flexion crease playing the same role, i.e. facilitating the cooperation of fingers III and IV. Further studies of gorilla embryos are necessary to find out the exact nature of this flexion crease.
There is no doubt that the Heart Line of New World monkeys evolved independently from that of anthropoids. In gorillas it is most likely false, as was mentioned above. In humans it is always accompanied by the Head Line (see below), which suggests that both these lines are probably two halves of a single ancestral four-finger crease. Contrary to that, the Heart Line of the schizodactylous New World monkeys most likely represents the entire four-finger flexion crease of their ancestors, the end of which has shifted from the first interdigital notch (between fingers I and II) to the second (between fingers II and III). With this shift, the crease facilitated cooperative flexion of fingers III-V instead of II-V, while in humans the linkage group III-V was enhanced without any harm to that of fingers II-V.
HEAD LINE
This line is definitely found only in humans. It is third to form in human embryogenesis and begins on the preaxial side of the metacarpophalangeal joint II (Fig. 1) , where it either merges with the Life Line or is parallel to it. From the first interdigital area it runs across the palm transversely or diagonally and terminates on the hypothenar but does not reach the postaxial edge of the palm, contrary to the four-finger Simian Line considered below. For the Head Line, we can suggest a new morphologic term which is more exact than previously used (see Table 3 ) -the subindex crease (plica flexoria transversa subindicis).
The Head Line never seems to be employed alone. Together with the Heart Line, it facilitates cooperative flexion of fingers II-V. In this partnership, the Head Line plays the role of the preaxial part of the four-finger crease, while the Heart Line acts as the postaxial one. The Heart Line alone would not facilitate four-finger flexion, while the single four-finger crease would not help to extend the index finger alone, holding fingers III-V flexed, to form the pointing gesture. The last can be regarded as a prehensive pattern (sensu Bishop, 1962) for extraction of small objects from narrow holes. Danilova (1979) stated that primates rarely use this prehensive pattern. Only once did she observe a chimpanzee that used its index finger to extract a nut from a round hole in the floorboard. However, chimpanzees are well known to press keyboard buttons with the index finger, a fact which proves their ability to use the pointing gesture as a prehensive pattern for manipulation. One can suppose that the schizodactylous New World monkeys can perform the pointing gesture too, because they possess both necessary flexion creases. Howev- er, there is no factual evidence for this, and it is most likely that coexistence of the Heart Line and Life Line only serves them to vary the schizodactylous grip when walking along branches. Situations may occur when fingers III-V on one side of the branch are opposed not to fingers I and II on the other side, as in the canonical schizodactylous grip, but to finger I only, while finger II is placed over the branch and points forward along it, as if performing the pointing gesture in the direction of the monkey's movement. It is interesting to note that in an experiment, tufted capuchins (Cebus apella) proved their ability to extract small food objects from narrow tubes with the index finger (Spinozzi et al., 2007) . This could not be predicted from their flexion creases: they possess the Simian Line, indicative of the linkage group II-V, but not the Heart Line, which facilitates the pointing gesture. The absence of the Heart Line delimiting fingers II and III may be the reason for rather frequent conjoined usage of these fingers to extract objects from narrow tubes by capuchins in the experiments cited (Spinozzi et al., 2007) .
SIMIAN LINE
Rarely observed in humans, if present this line is considered to be an atavism (see below) and is formed late in embryogenesis. The earliest case it has been found was at 15 weeks gestation, and the fetus had a normal karyotype (Sherer and Abramowicz, 1991) .
In marmosets the transversal flexion crease is vestigial. Unlike in other primates, this crease braces the bases of all their fingers, including the thumb, which is very distally seated (Table 8) . Therefore, the transversal flexion crease in marmosets aids the use of a linkage group I-V, not II-V as in other primates, and thus it should be named a five-finger flexion crease. There is a clear reason for such a total linkage. Marmosets typically climb vertical tree trunks, searching for food. There is no possibility to grasp the whole of the trunk; thus, there is no need for thumb opposition, and the thumb is shaped and used more similarly to the other four fingers. To hold on the vertical surface, marmosets spread their fingers wide and drive their claws (a unique feature among primates) into the bark by total finger flexion.
Furthermore, the transversal flexion crease of marmosets is intersected by several longitudinal creases (Fate Line, Life Line) which divide it into several fragments. It doesn't appear continuous and clear, but more like a broken line, bordering proximal edges of interdigital pads (including the thumb pad which remains separate from the thenar in marmosets). In some Callitrichids (such as the red-handed tamarin Saguinus midas, silvery marmoset Mico argentatus and others), the middle interdigital pads are so elongated proximo-distally that they completely destroy the entity of transversal line (Hill, 1957) . This line also cannot be distinguished in Leontopithecus rosalia. If pronounced at all, the transversal flexion crease of marmosets is in fact just an outline of the proximal border of all four interdigital pads facilitating cooperative flexion of fingers I-V. The absence of any other considerable transversal wrinkles on the palm of marmosets makes it the only possible candidate for a homologue of transversal flexion creases of other primates.
In all other primates, with the exception of schizodactylous New World monkeys, the typical transversal flexion crease is present. It is the proper four-finger flexion crease, which cuts across the palm from one edge to another, bypassing only the thumb and thus bracing the linkage group II-V (Table 8) . It is useful for power grip by these fingers together against the palm. In humans the four-finger flexion crease is a rare anomaly called the Simian Line. It occurs almost twice as frequently in archaic African pygmies and Melanesians as in other peoples (Geipel, 1961 ; see also review by Kimura, 1968) . This fact supports the idea of homology of this abnormal four-finger Simian Line of humans and the normal four-finger flexion crease of non-human primates. Bali (1994) has listed a number of scientists who adhered to this homologation, beginning with Langdon-Down himself. Viliamovskaya (1955) and Sharma and Sharma (2011) think that the Simian Line in humans is always formed as a fusion of a normal Head Line and Heart Line. In human evolution, a reverse process of fragmen- 
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tation of the single ancestral four-finger crease may have taken place, its postaxial segment becoming the Heart Line, and its preaxial one -the Head Line. This hypothesis is apparently contradicted by the fact that in human embryogenesis the former appears before the latter, not at the same time. This contradiction could be resolved if it were shown that in non-human primates the fourfinger crease is formed beginning with its postaxial part too, but at the moment appropriate data is lacking. Also, the aforementioned problem is still open as to the nature of the four-finger crease in Sydney and Suwon cases -is it a fusion of the Head Line and Heart Line or a reshaping of one or the other? Superficially, the Sydney case looks like a Simian Line combined with a Heart Line ( Fig. 2A) , while the Suwon case looks like a Simian Line combined with a Head Line (Fig. 2B) . Variations of Suwon pattern (Sharma and Sharma, 2011) suggest that its "Head-like" crease is not the true Head Line but its analog, a secondary flexion crease branching from the Life Line. In the Sydney case its "Heart-like" crease looks more like the true Heart Line and, if so, its four-finger crease represents the result of postaxial elongation of Head Line alone. However, the aforementioned false Heart Line of gorillas suggests a similar possibility for the Sydney case. If the accessory lines in Sydney and Suwon cases are secondary, than the true Head Line and Heart Line are both merged into the four-finger crease, which then is the true Simian Line strictly homologous to that of other primates.
Several transversal four-finger lines, passing from one edge of the palm to another, can be found in hominids (Bali, 1994) . It is hard to discern the exact nature of each one of these flexion creases based on photographic data only. It is possible that some of them are secondary flexion creases representing evolutionary innovations, and the others include primary homologues of the human Head Line and Heart Line, fused or already separate from each other. It would be interesting to trace their origin in embryogenesis, remembering that primary flexion creases are distinguished by appearance before onset of fetal hand movements, while secondary ones are formed later as a consequence of the hand movements.
FATE LINE
This line is longitudinal and is formed fourth in human embryogenesis, but in primate evolution it probably emerged before the transversal flexion creases. Based on its distribution among primate taxa (Table 4) , only the Life Line is more ancient than this.
In most marmosets there are two Fate Lines (Table 9). They begin close together at the base of the palm or a bit more distally, and they descend along the midline of the palm between the central pads, diverging from each other to terminate at interdigital notches II-III and IV-V. In Leontopithecus rosalia and several tamarins there is only one Fate Line. It runs straight along the midline towards the base of the third finger. Sometimes a second Fate Line can be found in these species. It branches towards the interdigital notch IV-V from the middle of the major Fate Line but is not as prominent.
Longitudinal flexion creases (Fate Lines and longitudinally shifted Life Line) facilitate trough-like folding of the palm. This allows some preaxial-to-postaxial opposition (thenar against hypothenar, first interdigital pad against the last, finger I against finger V), which helps to adjust palm concavity to substrate convexity when climbing a tree trunk and placing the hand along it, as marmosets do. It appears that longitudinal creases indicate a more pronounced adaptation for quadrupedal locomotion than for object manipulation. In marmosets, the flexion crease pattern and overall proportions of the palm are indeed similar to those of the sole. And in general, the flexion crease pattern of non-human primate palms is more similar to that of the soles than in humans (Viliamovskaya, 1955) .
However, in some cases the pes-like manus represents a very peculiar manipulatory adaptation. In Leontopithecus rosalia, the palm is even more similar to the sole than in other marmosets -it is longer and thinner. Such hands are regarded as an obvious advantage when extracting insects from between tightly packed leafs of bromeliads (Rylands, 1989) . In narrow crevices like this, scissor grips between sides of fingers are appropriate, and the ability for trough-like folding of the palm, facilitated by the longitudinal Fate Line, is also useful. We hypothesize that Leontopithecus rosalia can perform a peculiar "forceps grip" with its trough-folded hand, with three middle fingers acting as one branch and fingers I+V as another. This unusual grip has never been observed but is strongly suggested by syndactyly -in Leontopithecus rosalia the bases of the middle three fingers are held together by a common skin sheath (fingers III-IV are connected all the way along their proximal phalanges, II-III -a bit less). Syndactyly of fingers II-III is also found in some species of tamarins, e.g., Saguinus mystax, but their connection doesn't go as distally as in Leontopithecus rosalia (Hill, 1957) .
Apart from marmosets and tamarins, New World monkeys do not have clear longitudinal palmar creases. They can be present or absent in Old World monkeys, and they are found in prosimians. In these groups there are two Fate Lines like in marmosets. This allows us to state that in primate evolution the presence of two longitudinal creases was the ancestral condition, and that later on they were lost in favor of transversal flexion creases as a mean to enhance power grip.
The Fate Line in marmosets, based on its morphological prominence, looks like a primary flexion crease. Contrary to that, in humans the Fate Line is regarded as a secondary flexion crease because it forms during embryogenesis long after the onset of hand movements (Bali, 1994) . It also cannot be assigned to the primary flexion crease category, because it is irregular in form, placement and depth and often disappears in adults. However, other secondary flexion creases form even later in life. So either the human Fate Line is a secondary flexion crease which tends to become primary, or the other way round -it is a remnant of the ancestral longitudinal flexion crease diminishing from primary to secondary condition. The latter seems more plausible.
BASAL RINGS
In most primates, including humans, short flexion creases exist at the base of each finger where it protrudes from the palm. Together, the Basal Rings represent the distal boundary of the palm, but they can be employed separately in flexion of respective individual fingers, thus not indicating any linkage groups. However, Leontopithecus rosalia, due to partial fusion of the three middle fingers (syndactyly) can only flex them all together, so its fingers II-IV have a single Basal Ring instead of three separate ones. This flexion crease is not very prominent, probably because finger fusion restricts degree of flexion.
TRAVEL LINE
This line divides the hypothenar in two. In adult humans it is usually absent, but can be traced in an embryo. On the contrary, in most non-human primates it is well developed. Its development correlates with development of the pisiform bone. It is especially large and elongated in those primates who mainly use quadrupedal locomotion. It serves as a "heel" and forms postaxial flange of a passage for flexor tendons from the forearm to the manus. The Travel Line passes distally to the pisiform bone across the hypothenar, separating it into a proximal part, playing the role of "pisiform shoe", and a distal part.
BRACELETS
Flexion creases of the wrist (usually several of them) border the palm proximally in all primates with no exceptions, because skin always wrinkles here, facilitating flexion in the radiocarpal joint.
Discussion
We hypothesize that palmar flexion creases should correspond to linkage groups. For illustrative comparison of flexion creases with linkage groups, see Table 10 . Finger movements in humans are more diverse, which is evident in flexion creases of the palm. However, enhanced ability of some people to move their fingers both individually and in different combinations (for example, while playing a musical instrument) has no impact on the primary flexion creases. This could be explained by the fact that those motions are not typical and their morphological basis is not yet established via natural selection. Professional activities can only influence the formation of secondary flexion creases. In humans those creases usually differ between left and right palms. In some cases non-human primates also use non-typical finger motions, which have no impact on the set of primary flexion creases. For example, a prehensive pattern such as the pointing gesture is used but rarely by chimpanzees (Danilova, 1979) and capuchin monkeys (Spi- , 2007) . This logic also works the other way round: absence of a specific flexion crease can point to rarity of respective finger motions. New World monkeys, as well as other primates, employ a very diverse range of hand postures in locomotion and a wide repertoire of object grasping methods. Our research allowed us to describe prehensive patterns and grips in terms of linkage groups of fingers (Table 5) , and to find associations between the linkage types and the presence of particular palmar flexion creases (Table 10) . These associations are well expressed in line combinations.
EXISTING LINE COMBINATIONS
Having discussed each line separately, we should review line combinations as a complete system. Shyamacharan and Dayabati (2008) recognize three types of combinations in humans: quartet (simultaneous presence of three primary flexion creases and the Fate Line), triplet (three primary flexion creases) and simian type (two flexion creases). In both men and women, the quartet is more frequently observed on the left hand, the tripleton the right hand. On the leading hand (the right one, as most people are right-handed) there are fewer lines because the secondary Fate Line can disappear with age, when overall palm relief evens out due to everyday labor.
The situation grows more complex when nonhuman primates are taken into account. In theory, 128 combinations are possible if one counts presence or absence of one or two longitudinal creases (Fate Lines) and all the five known transversal creases (the Heart Line, Head Line, four-finger Simian Line with or without its doublet, and five-finger crease). To simplify our analysis, we will discard their quantitative variables (exact positions of start and end points, length, deviation from longitudinal or transversal direction, etc.) and concentrate only on presence or absence of the lines in question. Following Shyamacharan and Dayabati (2008) , we will not include in our combinatorics the Life Line, Rings and Bracelets because they are always present, and the Travel Line because it is, on the contrary, too irregular. In Table 11 all combinations of transversal and longitudinal lines really observed in primates are shown. Their number is eleven, much less than the theoretically possible 128 -a deficiency which supports the idea of their adaptive significance.
The Simian four-finger flexion crease alone (combination F in Table 11 ) is observed in Old World monkeys and gibbons, some New World monkeys (for example Ateles) and, as a rare anomaly, in humans; it can be regarded as the most general simian condition. Two fourfinger flexion creases (Simian Line with its doublet) (G in Table 11 ) are characteristic for hominids. The combination of Heart and Head Lines (H, I in Table 11 ) as well as rare combinations of their analogs with the Simian Line (J, K in Table 11 ) are characteristic only for humans.
The combination of a Simian four-finger flexion crease and two Fate Lines (C in Table 11 ) can be regarded as basal for primates as it is shared by Strepsirrhini, some Platyrrhini and some Catarrhini. All other real combinations (four out of eleven) are found in New World Table 11 ). Contrary to that, in Old World monkeys only types C and F are observed, since they do not have such traits as schizodactyly with the Heart Line, like in Cacajao, or the five-finger flexion crease, like in marmosets. So, among Catarrhini, the diversity of creases is accounted for by hominids and humans with their individual variations.
Conclusion
Palmar flexion creases can serve as a good reference point when describing grip variations, and in general they correlate with finger linkage groups. Since flexion creases are adaptive in their nature, they evolve according to changes of grip type. In general, object grasping, finger linkage and flexion crease sets are more variable in New World monkeys than in other primates. Summarizing, we conclude that there are two peaks in crease diversity: the basal diversity of Platyrrhini opposed by the crown diversity of hominids and humans. Especially complicated was the evolution of transversal creases (see Fig. 4 for our proposed evolutionary scenario).
In the most primitive New World monkeys (marmosets, owl monkeys, squirrel monkeys) and in many prosimians, palm pads (even central ones) and longitudinal flexion creases (Fate Lines) are well developed, and their palms look similar to soles. The transversal flexion crease in marmosets and prosimians is poorly pronounced and looks like a thin broken wrinkle bordering the proximal edges of interdigital pads. The specific trait of marmosets is that their thumb is seated distally to the transversal flexion crease, which makes the crease itself five-finger (Fig. 4B2) , as opposed to the four-finger Simian Line found in prosimians and most other monkeys (Fig. 4A) . The thumb is shifted distally in marmosets in order to form one row with the other fingers, and all five fingers are armed with claws to climb thick tree trunks, unlike in any other primates. This adaptation is associated with restriction of both abilities which we regard as basal for primates as a whole -namely, the ability for thumb opposition and the ability for power grip by the other four fingers.
In more advanced forms of New World monkeys, as new types of grip emerge, the transversal flexion crease 
COMPARATIVE ANATOMY
becomes more prominent and takes one or the other position on the palm facilitating the use of respective finger linkage groups. The transversal four-finger flexion crease, known as the Simian Line and shared with lemurs and Old World monkeys, is retained in those New World monkeys who use brachiation or climb over thin branches (Fig. 4A) . A slanted Heart Line and the corresponding finger linkage group III-V are specific to New World monkeys relying upon schizodactylous grip when walking along thick sub-horizontal branches (Fig. 4B1) . In humans the Heart Line was formed in a different way than in schizodactylous Platyrrhini. The fourfinger Simian Line did not turn into a three-finger Heart Line, but broke into two -the Heart Line and Head Line (Fig. 4D) . There are two possible ways for this breakage (Fig. 4C1, C2) . Together, the Heart Line and Head Line retain the role of the Simian Line, facilitating flexion of fingers II-V all together. The Heart Line alone facilitates flexion of fingers III-V, so that the index finger becomes unlinked from the other three. This helps employment of the pointing gesture as a new and very important human prehensive pattern. The other important enhancement of human prehensive abilities was associated with progressive development of pad-to-pad thumb opposition facilitated by the Life Line. This line is the most constant palmar crease in primates, which means that thumb opposition in some primitive form was primates' initial feature since the times when the pads were reduced in favor of creases. This conclusion is rather close to that of Boyer et al. (2013) , who, based on hand skeleton morphometrics in both extant and extinct primates, proposed that strong divergence of the thumb from the other digits may be an original feature of primates. 
